Background/Aims: Hyperglycemia and hyperuricemia are two major disorders of Metabolic syndrome. Kidney plays a crucial role in maintaining the homeostasis of uric acid and glucose. The aim of the study was to examine the changes of renal glucose and uric acid transporters in animals with metabolic syndrome. Methods: Sprague-Dawley rats were fed with high fructose diet (60%) for 3 months (FR-3) and 5 months . At the end study, serum and urine biochemical data were compared. Gene expression and protein abundance of renal GLUT1, GLUT2, GLUT9, SGLT1, SGLT2, UAT and URAT1 was investigated by using RT-PCR and immunohistochemical staining. Results: Metabolic syndrome was induced by high-fructose diet. Systolic blood pressure and proteinuria was significantly increased in FR-5 animals. In kidney tissue, gene expression of GLUT2 and SGLT2 increased significantly in a time dependent manner. GLUT9, SGLT1 and UAT were also significantly upregulated in FR-5. Immunohistochemical study showed a significant increase of SGLT1 in both FR-3 (413.5 ± 88.3% of control, p<0.001) and FR-5 (677.6 ± 26.5% of control, p<0.001). Also, SGLT2 protein was increased in both FR-3 (643.1 ± 41.3% of control, p<0.001) and FR-5 (563.3 ± 21.7% of control, p<0.001). Fructose rich food also induced increase of UAT by nearly 5-fold in both FR-3 and FR-5 (both p<0.05) and more than 3-fold of GLUT-9 in FR-3 and FR-5 (both p<0.05). Conclusion: Long term high fructose diet induced metabolic syndrome with increased blood pressure and proteinuria in rats. Metabolic syndrome was associated with dual increase in renal glucose and uric acid transporters, including SGLT1, SGLT2, GLUT2, GLUT9 and UAT.
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Introduction
The prevalence and incidence of metabolic syndrome (MetS) is increasing and it has been recognized as an important contributor of diabetes as well as cardiovascular morbidity [1] . Diabetes was observed in 20 percent of patients with MetS, carrying an odd ratio around 9-10 [2] . At normal concentrations of plasma glucose, the kidneys actively reabsorb almost all filtered glucose with less than 1% excreted in the urine. Uptake of glucose in the intestine and kidneys is by active transport, mediated by members of the sodium glucose transporter (SGLT) family. SGLT1 and SGLT2 are responsible for glucose reabsorption in the proximal tubules of the kidneys [3] . Increased expression of SGLT2 has been demonstrated in experimental diabetic animals [4] . Regulation of SGLT2 is largely dependent on glycemiainduced activation of protein kinase C with resultant reactive oxygen species. Furthermore, angiotensin II by combining with epidermal growth factor can also modulate the SGLT2 [4] . In recent decade, SGLT2 inhibitors have become available and are listed as therapeutic option for the treatment of diabetes mellitus [5] . In MetS, little information is available regarding the alteration of SGLT1 and SGLT2.
Hyperuriecemia is another phenomenon in patients with MetS [6] . It is well-known that hyperuricemia is associated with increased risk of cardiovascular disease and also the development of chronic kidney disease [7] . The underlying cause of uric acid-associated complication is mostly via its direct effect on vasculature [8, 9] . Hyperuricemia is associated with increased oxidative stress and inflammation. In experimental animals, hyperuricemia was associated with activation of intra-renal RAS with subsequent renal pathology [10] . The kidney also plays a vital role in uric acid homeostasis. In normal condition, about two-thirds of urate is excreted via the kidney. Most of the filtered urate is re-absorbed in proximal tubule via apical URAT1 (encoded by SLC22A12 gene), the major influx transporter [11] . Other transporters such as organic anion transporter (OAT)-10 and OAT4, UAT, NPT and ABCG2, ABCC4 are also considered as the gates for uric acid reabsorption [12] . On the basolateral site, the GLUT9 (SLC2A9) is the principal transporter responsible for extrusion of uric acid into circulation.
Fructose is commonly found in added sugar in our food, in the form of high-fructose corn syrup and sucrose [13] .. Increase fructose consumption promotes a serial of metabolic changes, including hyperuricemia, hypertriglyceridemia, obesity as well as metabolic syndrome. Unlike glucose, the metabolism of fructose is not negatively controlled by plasma fructose [14] . In our study, high fructose diet was used to set up MetS animal model. We then investigated the changes of glucose and uric acid transporters in the kidney to evaluate the renal involvement in MetS.
Materials and Methods

Animal Experiments
Animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Kaohsiung Chang-Gung Memorial Hospital, and all animal procedures were performed according to the IACUC policy (Permit Number: 2016031701).
Adult male Sprague-Dawley rats weighting 180-200 g were used for this experiment. The animals were maintained under a constant 12 h photoperiod at temperatures between 21 and 23 °C. The animals were allowed free access to water and selected food. They were allocated to control and fructose diet groups. Fructose diet group were fed with a fructose-rich diet (60% fructose diet, Harlan Teklad, Madison, WI) for 3 months (FR-3, n=8) or 5 months (FR-5, n=8), whereas control animals (n = 8) received standard rat chow for 1 month. Body weight was measured weekly until end of study. At the end of study, 24 h urine samples were collected from the animals using individualized metabolic cages. The rats were then sacrificed and blood samples were withdrawn from the inferior vena cava for biochemical analysis.
Biochemical
Assay and Blood Pressure Measurement Serum or urinary creatinine, electrolytes, uric acid, sugar and insulin levels were measured by using the SYNCHRON CX DELTA system [Beckman, Fullerton, CA, USA] according to manufacturer's operating protocol. Urinary excretion of protein was presented as ratio of urine total protein to creatinine (mg/gm). Urinary uric acid excretion was calculated as ratio of uric acid divided by creatinine (mg/mg). Blood pressure was measured by indirect tailcuff method (Visitech BP2000, Visitech Systems, Apex, NC, USA). Data of three consecutive measurements were recorded and then averaged for each animal.
Gene Expression Study
Total RNA was extracted from the kidney tissue using a Total RNA Mini kit following the manufacturer's instructions, and spectrophotometry at a wavelength of 260 nm was then used to detect total RNA concentrations. RNA was stored at − 80 °C until use. A total of 1 μg RNA of each sample was reversetranscribed using a First Strand cDNA Synthesis Kit. Real-time PCR was performed using the Light Cycler instrument with LightCycler ® TaqMan® Master, Universal ProbeLibrary Probe and primers of the target gene. The results of this study were normalized with housekeeping gene β-actin. The levels of mRNA expression were presented as the ratio of each mRNA to β-actin mRNA (Table 1) .
Immunohistochemistry study
Immunohistochemistry study was performed using the streptavidin-biotin complex method (TAHC02D kit, Biotna, Kaohsiung, Taiwan). Paraffin-embedded fixed tissue sections (4 μm) were deparaffinized with xylene, and dehydrated with ethanol. Antigen retrieval was carried out with 10 mM citrate buffer (pH 6.0) twice for 5 min microwave treatment. The sections were incubated with 3% H 2 O 2 methanol for 10 min, and then incubated with 10% serum for 30 min at room temperature. Then, anti-SGLT1 (1:50, Abcam, Cambridge, UK), SGLT2 (1:50, Biorbyt, Cambridge, UK), GLUT 9 (1:100, Merck Millipore, Billerica, MA, USA), UAT (1:25, Abbiotec, San Diego, CA, USA), URAT1(1:100, Abbiotec, San Diego, CA, USA) antibody was added, and incubated at 4°C overnight. The sections were incubated with the secondary antibody at room temperature for 30 min, and then with peroxidase-conjugated streptavidin at 37°C for 30 min. The expression of proteins was visualized using 3, 3'-diaminobenzidine tetrahydrochloride at a concentration of 30 mg/mL, containing 0.03% H 2 O 2 . All sections were photographed under light microscopy (x400) with digital camera (DN100, E-600, Nikon; Tokyo, Japan). Immunostaining-positive areas were determined using Adobe Photoshop, and quantified in 20 random fields per section using NIH Image 1.62.
Statistical analysis
Data analysis was performed with SPSS Statistics version 17 (IBM, Armonk, NY, USA). Results are expressed as mean±SE. Student t-test was used to analyze the difference of mean values between two groups. Comparison among different groups was performed by using one-way analysis of variance (ANOVA), and then examined by least significance difference (LSD) test. A p value <0.05 is considered to be statistically significant. A p value <0.05 is considered to be significant. Table 2 demonstrates the laboratory data of study animals. Animals fed with fructose rich diet had significant higher fasting sugar in FR-3 (94.6 ± 6.7 vs. 83.0 ± 1.4 mg/dL, p<0.05) and FR-5 animals (134.8 ± 11.4, p<0.05). Compared to control group, uric acid and triglyceride levels were similar in FR-3 but were significantly increased in FR-5. In FR-5, serum uric acid was 1.7 ± 0.7 mg/dL (vs. 0.7 ± 0.4 mg/dL of control, p<0.05) and triglyceride was 334.0 ± 220.6 mg/dL (vs. 70.3 ± 14.5 mg/dL of control, p<0.05). A trend of increasing serum total cholesterol levels was observed in rats fed with fructose rich diet. Serum cholesterol was significant higher than control in FR-5. Serum creatinine, sodium and potassium did not differ among three groups. The creatinine clearance was highest in FR-3 than other groups. And no significant difference was noted between FR-5 and control groups. Proteinuria was significantly higher in animals after feeding with high fructose diet for 5 months. Urine excretion of uric acid was increased in FR-3 and FR-5 groups when compared to control. Regarding blood pressure, significant higher blood pressure was noted in FR-5 group when compared to control and also FR-3. Fig. 1 shows the changes of glucose and uric acid transporters after the experiment. Gene expression of GLUT1 was comparable between FR-3 group and control (Fig. 1a) . In renal tissue of FR-5 group, GLUT1 reduced significantly (55 ± 6.5% of control, p <0.001). But GLUT2 increased significantly in fructose-rich groups. Renal expression of GLUT2 increased approximately 2.5 fold (258.9 ± 45.2 % of control, p<0.001, Fig. 1b ) in FR-3 group and 4.8 fold (481.4 ± 26.2% of control, p<0.001) in FR-5 group. There was no significant alteration of GLUT9 in FR-3 group but a higher expression of GLUT9 was noted in FR-5 animals (169.8 ± 12.1% of control, p<0.05, Fig. 1c ). Expression SGLT1 was higher in FR-3 (260.8 ± 41.1%, p<0.001) and in FR-5 groups (189.1 ± 47.3% p<0.05, Fig. 1d ) when compared to control group. There was also a significant increase of gene expression of SGLT2 in both FR-3 (233.5 ± 53.3% of control, p<0.05) and FR-5 groups (323.0 ± 63.9% of control, p<0.05, Fig. 1e ). In additional, fructose-rich diet induced a profound upregulation of renal UAT expression. Compared to control group, gene expression of UAT was approximately 5 fold higher in FR-3 group (498.8 ± 25.3% of control, p<0.001) and 5.4 fold higher in FR-5 group (539.7 ± 33.1% of control, p<0.001, Fig. 1f ). No change of URAT1 gene expression was detected among the groups (Fig. 1g) .
Results
Laboratory Data
Gene Expression Study
Immunoblotting
In kidney sections, SGLT1 and SGT2 were mainly expressed in the proximal tubules (Fig. 2a) . Compared to control group, renal protein abundance of SGLT1 were increased progressively along with time of fructose ingestion. There was also a significant increase of SGLT1 protein in both FR-3 (413.5 ± 88.3% of control, p<0.001) and FR-5 (677.6 ± 26.5% of control, p<0.001 and p<0.05 vs. FR-3, Fig. 2a ). For SGLT2, the protein was upregulated in both FR-3 (643.1 ± 41.3% of control, p<0.001) and FR-5 groups (563.3 ± 21.7% of control, p<0.001, Fig. 2b ). As for uric acid transporters, both GLUT9 and UAT were increased after feeding with high fructose diet. Expression of renal GLUT9 was 280.6 ± 13.5% of control (p<0.001) in FR-3 and 362.3 ± 26.5% of control in FR-5 (p<0.001, Fig. 3a ). There was a nearly 5-fold higher of UAT in FR-3 and FR-5 groups when compared to control group (both p<0.001, Fig. 3b ). We found that protein abundance of URAT1 was slightly increased in FR-3 than control (143.5 ± 7.8% vs. 100.0 ± 13.1%, p<0.05, Fig. 3c ). With longer duration of high fructose feeding, the protein abundance of URAT1 in FR-5 was not different from control (127.1 ± 7.0% of control, p>0.05). 
Discussion
In this study, we observed that fructose rich diet induced features of metabolic syndrome, including hypertension, high fasting blood sugar, hyperuricemia, hypercholesterolemia and hy p e r t r i -glyc e r i d e m i a . Furthermore, manifestations became more obvious as experiment continued. Significant increased creatinine clearance was found in FR-3. After 5 months of high fructose diet feeding, proteinuria developed and a declined creatinine clearance than FR-3 was noted. These findings disclosed the temporal deleterious effect of MetS on kidney function, similar to the serial change of diabetic nephropathy. In the kidney, we found upregulation of glucose transporters, including GLUT2, GLUT9, SGLT1 and SGLT2. Renal uric acid handling was also affected with increased expression of UAT and GLUT9. Both glucose and fructose are monosaccaride but there are large differences in metabolism and renal handling [15] . Filtration rate of fructose is higher than glucose in the renal tubule. In the renal tubules, filtrated glucose is reabsorbed via SGLT1 and SGLT2 while fructose is reuptaken mainly through GLUT2 and GLUT5 [16] . In the liver, fructose induces de novo lipogenesis and hypertriglycemia [17] but isocaloric glucose load increases dyslipidemia in a relatively lower degree [18] . Unlike glucose, fructose has low glycemic index but it causes insulin resistance in the liver and adipose tissue in the long term [19] . Despite the disparities, addition of glucose to fructose ingestion facilitates intestinal fructose absorption [20] . In our experiment, we found that chronic fructose consumption upregulated not only GLUT2, GLUT9 but also SGLT1 and SGLT2, implying that fructose may also enhance glucose reabsorption simultaneously. Our finding provides a molecular insight that MetS was associated with increased glucose transport that precedes the full manifestation of diabetes. These alterations in renal epithelial transport develop earlier than diabetes.
Significant increase in blood pressure was observed in FR-5 animals. Fructose induced hypertension by increasing vasoconstrictors such as endothelin-1 and angiotensin II [21] and upregulating renal sodiumhydrogen exchanger 3 (ENaC) [22] . Nevertheless, Nizar et al. found no increased ENaC activity in high fat-fed mouse model of metabolic syndrome and blocking ENaC with amiloride also did not reverse anti-natriuresis or ENaC activity [23] . In this study, we found that a significant upregulation of SGLT1 and SGLT2 in renal tubule. Thus, we provided another additional explanation that sodium retentive mechanism is more extensive in MetS as noted in alterations in proximal tubule in additional to collecting tubule. In clinical study, SGLT2 inhibitors exerts antihypertensive and antinatriuretic effect [24] , indicating the role of SGLT in the pathophysiology of insulin resistance related hypertension.
Fructose is metabolized in the liver and consumes intracellular adenosine triphosphate. Metabolism of adenosine triphosphate results in the synthesis of uric acid as a byproduct [25] . The kidney contributes to uric acid homeostasis by filtration, secretion and reabsorption [26] . In our study, serum uric acid was similar to control group in FR-3 animals but urinary excretion of uric acid was increased. The upregulation of UAT, GLUT9 may represent a response to increased filtered load of uric acid. As ingestion of fructose continued, the compensation mechanism was disrupted. Serum uric acid increased significantly in FR-5 group while renal expression of UAT and GLUT9 was higher than FR-3 group with comparable urinary uric acid excretion.
In contrast to UAT that is uniquely expressed at the apical membrane, GLUT9 is more frequently known as major entry of urate at the basolateral aspect of proximal tubule. Recently, GLUT9 has been demonstrated that it also expressed at the apical membrane with different alternatively spliced variants [27] . Apart from being a urate transport, GLUT9 is also a minor fructose and glucose transporter [28] . GLUT9 is also involved in glucose metabolism by affecting glucose-sensing in pancreatic β-cells [29] . The relationship between hyperuricemia and diabetes is complex and close. It has been reported that increased incidence of type 2 diabetes by 6% per 1 mg/dL increment in serum uric acid level [30] . Taken together, fructose/uric acid are probably the missing link of gap between the diabetes and MetS [31] . The GLUT9 is the central player at least in the renal tissue.
Conclusion
Chronic high fructose consumption induced MetS and increased blood pressure and proteinuria in rats. Renal handling of glucose and urate was dysregulated by alterations of epithelial transporters, including SGLT1, SGLT2, GLUT2, GLUT9, and UAT.
